Exciton-polaritons, mixed light-matter quasiparticles in semiconductors, have recently shown evidence for Bose-Einstein condensation. Some of the properties of condensates of exciton-polaritons are reviewed in this article. We first discuss the spontaneous appearance of long-range order and the way this can be easily accessed in the case of polariton fluids. We show that the Penrose-Onsager criterion is valid even for such a very special case of condensate. We then describe the experiments that allow observation of topological defects in the fluid: quantized vortices, half vortices, and hyperbolic spin vortices. We demonstrate through the comparison with the gross Pitaevskii equation that the appearance and stability of such vortices are linked with the dissipative nature of the condensate together with the presence of disorder. We then briefly summarize the experiments on superfluid behavior of the polaritons at largeenough densities and expand somewhat more on the dynamical behavior of turbulence in the wake of an obstacle, with the appearance of vortex streets. We finally show that the Bogoliubov transformation has been revealed through four-wave mixing experiments. 
INTRODUCTION
Bose-Einstein condensation of quasiparticles in solids was proposed fifty years ago as a promising solution for the observation of quantum fluid effects at reasonable temperatures. Different quasiparticles have been considered with this aim, the first being excitons, as they are ideal candidates (1, 2) . Excitons are indeed bosonic particles with a very light mass, which should allow observation of condensation effects at much higher temperatures than what is requested for atom condensates (3, 4) . The idea to observe Bose-Einstein condensation with excitons has been pursued further by Keldysh (5) , who introduced the now widely studied possibility of a transition between a Bose-Einstein condensate (BEC) and Bardeen-Cooper-Schrieffer (BCS) pairing for excitons.
The major advantage of using quasiparticles in solids corresponds to the possibility of finding a phase transition and quantum fluid effects at much higher temperatures than what must be achieved for atom vapors. At the same time, the use of solid-state-based structures allows major advantages because of the possibilities offered by modern techniques such as nanotechnology. Such advantages may play a major role for future novel devices; they also allow very interesting options for the study of the basic properties of polariton fluids, such as, for example, the creation of one-dimensional (1D) channels for polariton condensates (6) , or of even more complex structures, such as, for example, Mach-Zehnder interferometers (7) .
Exciton condensation in semiconductors has been the subject of many papers since the original proposals by Blatt and Moskalenko (for example, see 8, 9, 10) . It is not the purpose of the present review to expand on this part of the literature.
Exciton-polaritons in semiconductor microcavities are composite particles made through the strong coupling of photons and excitons. The photon part of the state comes from photons that are confined in a semiconductor microcavity, similar to the ones that are used for the realization of vertical surface-emitting lasers (VCSELs). The exciton part of the state comes from excitons that are confined in quantum wells placed at the antinodes of the cavity modes in the microcavity.
VCSELs are very widely used for many reasons, in particular because of their very-lowthreshold current density (11) . The principle of VCSELs has been exposed in great detail in the seminal paper by Jack Jewel (12) . It can be summarized in the very simplified scheme of Figure 1 .
Quantum wells can be introduced within the spacer layer of the cavity, ensuring that the resonance energy of the excitons matches the photon mode. This matching may be performed by adjusting the width and composition of the quantum well as well as the thickness of the spacer layer. One or up to more than 20 quantum wells can be included, provided they are positioned at the antinodes of the electromagnetic field in the cavity. For our purpose here, the main point is that photons can be confined in the cavity for a sufficiently long time, this time being measured by the Q factor of the cavity. The energy of the photons confined in the cavity is given by (through a firstorder expansion):
This photon dispersion describes a photon that is able to propagate in the plane between the two mirrors with a mass roughly four orders of magnitude smaller than the electron rest mass. In the same way, excitons confined in quantum wells are also able to move in the plane of the quantum well, with a mass that is approximately equal to the mass of the electron: r , 4 :
with V being the strength of the exciton-photon coupling, often referred to as the Rabi energy, which depends on material parameters for the quantum well as well as on the number of quantum wells in the cavity. In the above set of equations, the two modes of the polaritons appear: the lower polariton (LP), i.e., the lowest energy state of the system, and the upper polariton (UP). Both branches are approximately parabolic around k ¼ 0 and possess an exciton (resp. photon) fraction that depends on the detuning between the uncoupled exciton and photon states. The exciton and photon fractions correspond to the respective coefficients in the wavefunction of polaritons. Polaritons are made of photons and excitons and show properties that originate from the properties of the constituents. From the photon, they get a very small effective mass, and from the exciton, they receive the ability to interact amongst themselves because of the fermionic nature of the electron and the hole bound together in the exciton. From the photon, they receive a lifetime that is limited by the quality factor of the microcavity, i.e., how long the photons are trapped in between the two mirrors. Even if recent reports seem to indicate lifetimes in excess of 100 ps (14), more than two orders of magnitude larger than the typical interaction time between two polaritons or between polaritons and the phonon bath of the semiconductor structure, most of the published results make use of microcavities with photon lifetimes between 1 and 10 ps.
This limited lifetime also comes as an advantage for polaritons: When leaving the microcavity, as sketched in Figure 2 , the photon portion of the polariton carries with it all relevant information on the polariton population in the cavity. From the angle of the emission, one finds the wavevector of polaritons in the cavity:
From the intensity at one given angle, one finds the occupancy of the polaritons at a given k. Similarly, the coherence, noise, and polarization properties are conveyed by the emitted photons. The direct correlation of such properties has been theoretically studied in detail (for example, see 16, 17) . It allows, as has been done, for example, in the PhD work of J. Kasprzak (13) , plotting of the polariton dispersion and occupation factors in a very direct way. Similarly, it allows obtainment, from the detected light, of the second-order coherence properties of polaritons (18, 19) . 
CONDENSATION IN A DRIVEN DISSIPATIVE SYSTEM
Because of this very short lifetime of polaritons, an outstanding question has been raised for quite some time about the possibility to observe a phase transition, as is observed in the case of cold atom condensates. The initial demonstration of the condensation in the lower branch of polaritons (20) follows after preliminary measurements made in different groups, and, in particular, those by the group of Dang in Grenoble, where the first highly nonlinear luminescence emission by polaritons has been observed (21; see also Reference 22 for information on GaAs-based cavities). The lower polariton condensation, initially demonstrated in CdTe-based microcavities, has been confirmed in many different semiconductor systems (for example, see 23, 24) and even up to room temperature in GaN (25) , ZnO (26) , and organic semiconducting cavities (27, 28) . The assessment of the Bose-Einstein condensation, under nonresonant excitation of the system, relies on many different observations, which are described in the paper by Kasprzak and coworkers (20) , such as a nonlinear threshold with the piling of polaritons at k ¼ 0, which is a clear indication of a Bose distribution with vanishing chemical potential and an increase of temporal coherence together with a decrease of the line width. The decisive observation was the measurement of long-range spatial order through interferometric studies with the experimental system sketched in Figure 3 . Figure 3 shows the first version of the interferometer, where the two images of the condensate are simply displaced from one another. In the subsequent versions of the system, one image of the condensate is interfered with by the centrosymmetric mirror image of the same condensate, allowing the probing of a long-range coherent over the entire spot at once. The ability to carry out, in a very direct way, interferometric measurements on the polariton population is a major advantage of polaritons and has served as a basis for many different observations. Some of which are described in the present review.
Without rephrasing in detail what has been described in Reference 18, let us just emphasize the fact that, below threshold, the coherence of the polariton cloud typically extends over 2 microns, approximately the de Broglie wavelength of polaritons, at the measured temperature of 19 K. Above the condensation threshold, correlations are observed over most of the excitation spot, up to distances between correlated polaritons of more than 20 mm.
An estimation of the density of polaritons per quantum well at threshold has been performed by Jacek Kasprzak in his PhD thesis (13) . The threshold occurs for densities on the order of 10 10 cm
À2
, i.e., 50 times below the saturation density computed for the dense packing of excitons. Similar threshold densities have since been obtained in a number of other semiconductor material systems. As one example, the review paper of Bajoni (29) details the conditions of polariton condensation versus standard VCSEL lasing. The densities differ by a factor of approximately 50.
Since our initial observation, ample literature on the subject has allowed us to understand in greater detail the behavior of exciton-polaritons and the phase transition that occurs in microcavities. The number of theoretical papers on this issue does not allow a complete overview here, and I provide only a partial reference to some of these works.
The initial idea that polariton in microcavities could undergo Bose-Einstein condensation comes from the seminal work of Imamoglu and coworkers (30) , who considered the fact that a polariton condensate would behave, from the point of view of light emission, as an inversionless laser. They also considered the importance of an exciton-like polariton reservoir and detailed the possible transition from a polariton laser toward a standard laser (a VCSEL).
In order to describe as completely as possible the behavior of a polariton condensate and of its dynamics, pumping and decay of the polaritons must be included. This has been performed, for example, by Szymanska et al. (31) , who showed that the appearance of coherence in a polariton condensate differs from what would occur in a VCSEL and occurs at lower densities. The standard methodology that allows a simple but clear understanding of the system, at the mean-field level, is the generalized Gross-Pitaevskii equation (GGPE) (or the Ginzburg-Landau equation) (for example, see 32, 33) .
Very generally, the lower polariton branch is represented in a simplified way through a parabolic dispersion, and the pumping of the condensate can be provided either resonantly by the laser or nonresonantly through the presence of a reservoir [which represents the excitations of the system that do not relax immediately to the lower polariton branch: the so-called polariton bottleneck (34) ]. The upper polariton branch, which is at higher energy than the reservoir, does not need to be considered in this equation because it is not appreciably populated. The equations appear as follows: a GGPE describes the macroscopic wavefunction c of the condensate, with gain and loss terms:
cðr, tÞ.
6:
The loss term g corresponds mainly to the leakage of the photon portion of the polariton through the mirrors of the microcavity. The gain term, in the present case where nonresonant pumping is Experimental setup used for the measurement of the long-range coherence of polariton condensates. The microcavity is excited at high energy above the stop-band of the cavity. The whole system is then efficiently excited and relaxes to the lower polariton branch. The polariton emission is then sent to a Michelson interferometer. The stability of the interferometer is actively locked to more than l=20 by a HeNe laser. assumed, tries to model in the simplest possible way the stimulated scattering from the large k excitons that do not directly couple to the cavity modes on the lower polariton branch. The noncondensed fraction of the condensate does not appear in this equation because of its small influence on the evolution of the condensed fraction. The term V d ðrÞ describes the effect of the unavoidable disorder in the sample [mainly caused by the fluctuations in the DBR (distributed Bragg reflector) mirrors]. In the simplest possible version, the density n R ðrÞ of the reservoir is modeled by the following equation:
where the pump laser induces the first term in the right-hand side, and the last term represents the possible diffusion of excitons in the reservoir. Such diffusion effects can be neglected in most cases. The last term is included only when a second reservoir is included in time-resolved experiments (see below). Such a simple model allows reproduction of the main features of the Bose-Einstein condensation of polaritons under continuous wave (CW) pumping. Figure 4 shows the results of the solution of such equations (GGPE þ reservoir) in the presence of a disorder that mimics what exists in the CdTe cavity that we have studied (35) . This particular realization of a random disorder allows obtainment of the pinning of a quantized vortex at one of the minima of the potential disorder.
The arrows in the left part of Figure 4 indicate the direction of the flow of polaritons in the condensate. It is quite interesting to note that the density of the reservoir is almost depleted because of stimulated scattering to the condensate, except at the position of the vortex, where the density of the condensate vanishes, and therefore stimulated scattering also vanishes.
The phase of the condensate is computed in Figure 5 for exactly the same conditions as for 2p phase shift when circumventing the vortex core. The smoothness of the variations of the phase across the whole of the condensate, despite the existence of a nonnegligible disorder, has been explained, both theoretically and experimentally, by the phase synchronization over the whole system (for example, see Reference 36 for the theoretical explanation and Reference 37 for the experiments). Time-resolved experiments have also been realized in off-resonant excitation conditions. The precise pulse duration is not of major importance, provided it is shorter than the typical relaxation times. Typically, 100-fs pulses from a titanium-sapphire laser have been used. The detection is performed with a streak camera that allows resolution down to approximately 2 ps. Modeling such time-resolved experiments is somewhat more subtle. Indeed, as the reservoir is now not constantly replenished, the onset of stimulated scattering (a random process) at a given location immediately depletes the reservoir at the same position, not allowing a time-delayed growth at this point. This is due to our simplifying assumption that the whole population of the reservoir is connected to the lower polariton branch. This assumption is not physical in the case of time-resolved experiments. A delayed response of the population of reservoir excitons has to be included in the model. This is directly linked, as far as our understanding can tell, to the relaxation bottleneck.
A second reservoir of excitons is therefore included as the simplest way to describe the delayed coupling of a part of the large k exciton population. The equation describing this second reservoir is the following:
∂n I ðr, tÞ ∂t ¼ P I ðr, tÞ À g I n I ðr, tÞ À 1 t I n I ðr, tÞ. Phase (π)
x real space (m) Figure 5 Phase structure of the condensate for the same parameters as described in Figure 4 . The 2p phase shift at the vortex is clearly resolved, together with the smooth changes in the phase over the whole condensate, indicating that phase synchronization has been able to overcome the disorder of the sample. Of course, the phase is only defined within a global offset. Basically, large k polaritons, which cannot couple directly to the optically active polaritons at the center of the Brillouin zone, feed at a constant rate the reservoir of polaritons that are able to couple directly with k ¼ 0 polaritons.
With such a simple model, many important observations can be reproduced, such as the delayed buildup of the population of polaritons in the lower branch after a nonresonant excitation (38) . An amazing issue, experimentally observed in Reference 22 and reasonably well reproduced through the GGPE model that we just described, is the very rapid buildup of the long-range phase coherence in the condensate soon after the onset of stimulated scattering. In our experiments, as well as in the experiments of other groups (39), the onset of long-range coherence indeed appears within the experimental resolution, even for points that are 10-microns distant.
According to the resolution of the dynamics of GGPEs, with the introduction of an initial random phase in the lower polariton branch, we observe that, initially, the phase is strongly nonuniform with the presence of a multiplicity of vortices in the excitation spot. The buildup of a common phase appears to correspond to a mechanism very similar to the mechanism proposed by Kibble (40) and Zurek (41), meaning a combination of the movement of the core of the vortices toward the edge of the excitation spot together with the annihilation of counter-winding vortices (42) . This annihilation of random vorticity indeed occurs in only a few picoseconds in the model for parameters that correspond as much as possible to the experimental configuration.
PENROSE-ONSAGER CRITERION
A polariton condensate is a somewhat unconventional condensate, making it interesting to test whether it would follow the very fundamental prescriptions of more standard Bose-Einstein condensates. One of the simplest predictions comes from Penrose & Onsager, who introduced the Penrose-Onsager criterion (43) . This criterion is based on the use of the single-particle density matrix rðx, x 0 Þ ¼ c † ðxÞcðx 0 Þ and simply states that Bose-Einstein condensation corresponds to the case in which the largest eigenstate value of this density matrix is of the order of the total number of particles in the system. An experimental measurement of the density matrix is a challenging task.
The density matrices shown in Figure 6 have been experimentally obtained through a tomographic procedure on a precise area of the sample where the condensate is confined to a onedimensional potential. This allows the tomographic procedure, where the stability of the interferometer has to be guaranteed over experimentally accessible times, to be experimentally feasible.
The results of the reconstruction of the density matrix are shown in Figure 5 , and they indeed show that even in the presence of disorder and interaction between polaritons and despite the dissipative nature of polaritons, their distribution follows the criterion proposed by Penrose & Onsager (43) . Below the condensation threshold, the occupancy of the states follows a standard thermal distribution, whereas above the threshold the macroscopic occupancy of a single level is clearly evidenced.
Topological Defects: Specificities in a Spinor Condensate
In the case of atomic condensates, one of the important steps in the study of the superfluidity of the condensate is the observation of quantized vortices. The idea consists of using the proper means to put the condensate in rotation and observing the arrangement of the vortex cores (45, 46) . Although the rotation of the phase around the core of the vortex is not measured in the first experiments, the authors provided a beautiful illustration of the expected effects (47) . In a further experiment, Wolfgang Kertterle's group managed to interfere with a rotating condensate possessing one vortex by using a nonrotating part of the same condensate. Interference fringes are clearly observed when a fork-like dislocation of the fringe pattern is viewed at the position of the vortex (48) . Such a fork-like dislocation is outstanding evidence for the fact that the phase is changing by 2p around the core of the vortex.
In the case of polariton condensates, the occurrence of fork-like dislocations, as seen in Figure 7 , has been observed already in the first interference images (for example, see pages 116 and 118 in Reference 13 and page 96 in Reference 49). This observation has come as a surprise to us, as we did not proceed to any rotation of the condensate. With a detailed study, and with the support of the modeling that we briefly described in the previous paragraph, we have been able to understand that the occurrence of vortices was the double result of the dissipative nature of the condensate together with the presence of disorder in the sample (50) .
Details of the interpretation of the creation of such vortices can be found in References 41 and 51. This interpretation also provides a detailed understanding of the dynamics of the creation of vortices after the excitation by a short pulse and allows us to explain why the movement of vortices can be resolved through time-resolved experiments in which the initial phase of the system is random and the experiment is performed by averaging millions of successive realizations (52) . Indeed, under 100-fs pulse excitation, the buildup of the condensate occurs within approximately 30 ps (getting shorter as the excitation intensity is increased) and coherence over macroscopic distances appears within less than our time resolution of approximately 3 ps (38) .
In fact, some of the trajectories of the randomly created vortices follow a path that is imposed by the shape of the disorder landscape, and the vortices are the results of the flow of polaritons in this disorder. At the same time, phase synchronization occurs (37) that allows stabilizing the phase of the whole population, despite the presence of disorder, within a very short delay demonstrated by direct measurements (37, 38).
Direct pumping of the polariton fluid, with a beam of appropriate winding, allows direct creation of a quantized vortex and even observation of its deterministic time evolution (53) . In such experiments, a parametric amplification scheme is utilized that allows continuous feeding of the condensate without destroying the imprinted phase (54) . Following on the same track, it is important to point out that polaritons carry a spin. The spin of the polariton comes from the two possible circularly polarized states of its photon constituent and the spin of its exciton part. The spin of the exciton is built from the spin and angular momentum of the electron and hole states making the exciton (for example, details may be found in 55). Yuri Rubo (56) predicted in 2007 that the spinor properties of polaritons would allow, in principle, the observation of half vortices. For half vortices, the 2p phase shift when circumventing the vortex core comes from a p rotation of the polarization together with a p phase shift (in the linear polarization basis).
When transforming into the circular polarization basis, a half vortex consists of a quantized vortex in one of the circular polarizations of the condensate and no vortex in the other one. This is exactly what the experiments carried out by Lagoudakis have evidenced (see Figure 8 ) (57) . Once again, as for full-quantized vortices, the half vortices are created by the flow of polaritons in the disordered landscape imposed by the DBR mirrors of the cavity. Half vortices cannot be observed in superfluid He 4 but are expected in spinor condensates such as He 3 and cuprate superconductors (58, 59) .
Then, following the arguments of Gregory Volovik (60), such half vortices should constitute the building blocks of the possible phase singularities in a polariton condensate. In particular, a full-quantized vortex corresponds to the superposition of two half vortices that have the same winding.
It has been possible to observe the dissociation of a full vortex into two half vortices through time-resolved interferometry measurements (see Figure 9 and Reference 61 for details). For these experiments, a portion of the sample with low disorder is selected where half vortices are observed in the CW regime. Once again, the stabilization of the path of the vortices is obtained because of the disorder present in the sample. However, we now need to explain the reason why a full vortex could dissociate into two half vortices. Indeed, this implies that the disorder felt by the s þ and s À parts of the condensate is different. As a matter of fact, a nonhomogeneous birefringent field is expected to be created by the inhomogeneous stress present because of the disorder in the sample. Still following the predictions of Volovik (60), a careful study of the interference patterns while moving the excitation spot at the surface of the sample finds a pair of fork-like dislocations that does not fit what is observed in the case of a full vortex. Neither does it fit with a half-vortex pattern. The new fork structure (see Figure 10) , upon interference of the s þ and s À parts of the polariton condensate, shows two dislocations pointing in the same direction. This is clearly a case in which we observe the superposition of two half vortices in each circular polarization, with counter-circular windings of the phase. According to Volovik (60) , this should allow for two configurations: a hyperbolic spin configuration in which the polarization of polaritons rotates counterclockwise when the observed position rotates clockwise around the core of the vortex and a configuration in which the polarization rotates clockwise, leading to a hedgehog vortex.
Measurement of the vortex structure in our sample evidences a clear rotation of the polarization of the polaritons (62) . This polarization is plotted in the Poincaré sphere in Figure 11 and evidences a counterclockwise rotation when circumventing the core of the vortex. In a nonpolarized interferometer, the interference pattern does not show any fork-like dislocation.
This observation is typical of a hyperbolic vortex. The stability of the hyperbolic spin vortex, as observed experimentally, and not of the monopole spin vortex (or the hedgehog vortex), can be traced back to the difference in the interaction of the cores of the two half vortices that compose the spin vortex (see supplementary material of Reference 62).
Polariton Superfluidity: How Polaritons and Light Can Share Common Properties
The observation of phase defects in the polariton fluid points to the possibility that polaritons are superfluid. The demonstration of superfluidity is in fact rather simple if we follow the prescriptions of Wouters & Carusotto (63) . A polariton fluid is created through direct excitation in the polariton branch at a given angle. This gives rise to a polariton flow at a given speed (excitation at a given position in the parabolic dispersion relation of polaritons means creating a wavepacket with well-defined energy and speed). The presence of a defect then allows perturbation of the flow of the polariton fluid, and the turbulence is observed through Rayleigh scattering of the polaritons. The fluid may again be described by a GGPE, this time in the absence of a reservoir. We use GGPE with resonant excitation so that the phase of the excitation beam becomes imprinted in the condensate as given by the last term of the RHS:
cðr, tÞ þ F p e iðv p tÀk p rÞ .
:
If the density is large enough that the speed of sound in the fluid is larger than the velocity of the polariton fluid, no turbulence should be observed.
The speed of sound in the fluid is given by c s ¼ ffiffiffiffiffiffiffiffiffiffi ffi gjcj The first series of experiments in the direction have been performed by Amo and coworkers (64, 65) by using an optical parametric amplification configuration and sending a flow of polaritons with a given speed toward an obstacle. The experiment provides ample evidence of the transition to a superfluid regime when the density of the fluid is large enough to allow the speed of sound to overcome the speed of the polariton flow. In contrast, when the speed of the fluid is too large compared with the speed of sound, Cherenkov waves are observed around the obstacle. Nardin and coworkers (66, 67) have extended the principle of such measurements to the time domain by carrying out homodyne detection measurements on the flow of polaritons (see also 68). The principles of the experiment are sketched in Figure 12 . Time-resolved phase and amplitude of a fluid of polaritons can be retrieved through homodyne mixing with a delayed pulse from the laser (see Figure 13) . The time resolution is given by the pulse energy resolution of approximately 1 meV and 1 ps.
The experiment retrieves both the phase and the amplitude of the flow of polaritons around an obstacle. The regimes of no turbulence in the case of a large-enough density of the polariton fluid and of Cherenkov waves in the case of a too-small density of the fluid compared with the speed of polaritons are observed.
The advantage of the heterodyne technique is that the phase of the fluid, although imposed initially by the excitation laser, is free to evolve after the end of the pulse. Also, the measurement of the phase allows us to see very clearly the presence of quantized vortices, once again corresponding to fork-like dislocations in the interference pattern on the CCD camera. The measurement of the phase also allows access to the local speed of the polariton fluid as a function of position and time around the obstacle.
The theoretical analysis of the predictions of GGPEs showed that, as has been observed in atom condensates, dark solitons should form, depending on the precise excitation conditions. and not in the other (74) . Experiments using heterodyne detection have been able to resolve the dynamical behavior of dark solitons and, in particular, their stability and their dissociation into vortex streets (72, 75) .
BOGOLIUBOV DISPERSION
One of the distinctive outstanding ideas in the theory of superfluidity comes from the seminal work of Bogoliubov (76) . According to the theory that he has developed, the elementary excitations of the superfluid phase of weakly interacting bosons, such as polaritons, consist in a superposition of a propagating particle and its counter-propagating counterpart, an absence of particle or a hole. In the superfluid limit, both branches tend to linearize: the normal branch of particles at positive energies and the so-called ghost branch of holes at negative energies (77) . Although excitations in superfluids have been studied quite extensively, particularly in superfluid helium first (78, 79) and ultra-cold atom vapors (80, 81) , the first experimental evidence for the Bogoliubov transformation was published quite recently by the Ketterle group (82) . In these experiments, Vogels et al. (82) probe the presence of the negative energy branch through the diffraction of a sound wave that is moved onto the atom condensate.
The experiments that my research group has been performing on the polariton Bogoliubov transformation are based on the ideas developed by Michiel Wouters & Iacopo Carusotto (83) . Our experiments have been carried out after some attempts to observe the Bogoliubov transformation using luminescence (84) where no evidence was found for the ghost branch. The idea of Reference 61 is to probe the dispersion of the polariton fluid excitations through four-wave mixing (FWM) experiments. In these FWM experiments, a superfluid of polaritons is created by a k ¼ 0 pump beam, and the properties of the system are probed through the diffraction of a probe beam sent at an angle, therefore probing the dispersion of the fluid. The experiment has been described in References 85 and 86, and the results (see Figure 14) show clearly the existence y (μm) of two branches instead of one: one branch at positive energies and one at negative energies (see Figure 14a ). Figure 14b also evidences the linearization of the dispersion relation of the polaritons and the appearance of a ghost branch at negative energies, above the threshold for superfluidity of the polariton gas. In the case of the FWM experiment, once again we use GGPEs to model the behavior of the condensate. As we are using resonant excitation, a reservoir of excitons is not created and is not used in the modeling. However, the description of the Bogoliubov transformation requires the use of a properly adapted wavefunction that deals with the excitations of the system. The wavefunction reads as follows:
where w o ðr, tÞ is the k ¼ 0 coherent polariton fluid created by the pump pulse, and u and v are the counter-propagating excitations of the system. The GGPE can be numerically solved in order to obtain the intensity and the energies of the two branches. At large-enough densities, the ghost branch shows the same intensity as the normal branch. The position of the resonances are reproduced in Figure 11 and fit quite well with the observed spectrum. In particular, the fact that the ghost branch does not appear linear in our measurements is well reproduced by taking into account the finite lifetime of the polaritons. Schematics of the homodyne system. Pulses from a Ti:sapphire laser are split into two arms. One excites the sample at a given angle, given a well-defined speed to the polariton fluid. The light emitted by the sample is interfered with by the second pulse from the laser. The interference fringes are then Fourier transformed so as to obtain the time-resolved density and phase of the fluid. 
CONCLUSIONS
I hope that I have been able to convince the reader that there is an amazing richness in the field of microcavity exciton-polaritons. The ease with which the internal properties of the condensate can be assessed thanks to the photonic portion of the polariton that leaks out of the cavity allows a wide range of measurements that would not otherwise be possible. In particular, interferometric measurements allow a very didactic visualization of the phase structure of a polariton fluid, showing a wide range of phase defects. Although very similar properties have been observed for polariton condensates as those found in cold atom condensates, significant differences are evidenced because of the specific nature of polaritons. Such differences come from the driven dissipative nature of the condensate, with a very short lifetime for polaritons, the relatively strong interactions between the quasiparticles, and the presence of disorder due to the solid-state environment of the system. Many unsolved issues still exist in the understanding of the details of the interactions between polaritons. It is clear that the current models are too simple to describe the complexity of such interactions. The use of polariton Feshbach resonance, recently evidenced for polariton, might bring interesting features (87) . Superfluid behavior without turbulence. The three rows respectively show at different delays (a) the polariton density, (b) the fringes of the measured interferogram in a saturated color scale, and (c) the polariton phase. The estimated obstacle position is indicated with a green circle, and the polariton flow goes leftward (see the red arrow in the third row). At low speed, the wavepacket passes the obstacle without any turbulence. When the polariton population has significantly decayed (last two columns), a vortex pair is created at the boundary of the obstacle. The pair remains stitched to the defect for several picoseconds and disappears in the noise when the polariton population has decayed. For the sake of visibility, the density scale has been multiplied by three for the last three panels of the first line. Figure adapted from Reference 69.
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